Pesticides, mainly insecticides, herbicides, and fungicides, are used worldwide to increase global agricultural productivity, to reduce insect-borne endemic diseases, and to protect plantations[@b1]. However, the excessive use of pesticide has created serious health problems[@b2][@b3] and environmental contaminations[@b4]. This leads to a great interest in developing controlled-release formulations of pesticides[@b5] because such formulations are able to provide safer conditions of use and minimize the potential environmental threat by simultaneously reducing the amount of pesticide used and increasing its efficiency.

Amitrole (3-amino-1,2,4-triazole; AMT) is a non-selective polar herbicide with a wide spectrum of activity against annual and perennial broadleaf and grass-type weeds, acting *via* inhibition of carotenoid biosynthesis[@b6]. It is of low toxicity to mammals. Owing to its high efficacy in weed control, it is widely used on fallow land prior to sowing, along roadsides and railways, and on wasteland. Because of its water solubility (280 g/L, 25°C) and its low volatility[@b7], AMT is readily dissolved in soil solution and is a potential pollution source for the ground water and surface water through leaching, and then contaminate food through plants, fruits, and water media[@b6]. The development of controlled-release formulations for highly soluble herbicides like AMT is therefore a big requirement, however, some challenges still exist, e.g., high-capacity loading of herbicides is difficult to achieve in agrochemical industry.

Kaolinite is a 1:1 clay mineral consisting of AlO~2~(OH)~4~ octahedral sheet and SiO~4~ tetrahedral sheet. The adjacent sheets are connected together by apical oxygen to form a layer with ideal chemical formulae Al~2~Si~2~O~5~(OH)~4~. The kaolinite layers are linked by hydrogen bonding. Conventionally, kaolinite is rarely used as a carrier for organic compounds such as herbicides despite its much lower cost than most commercialized carriers such as synthetic polymers, because of its low cation exchange capacity (CEC less than 10 mmol/100 g)[@b8] and its low specific surface area (SSA between 10 and 20 m^2^/g)[@b9]. When kaolinite was used as carrier, the guest molecules (e.g. salicylic acid, ibuprofen) could not be intercalated in the interlayer space, but were only adsorbed on the external surfaces of the kaolinite[@b10][@b11], resulting in a very low loading content of the guest molecules. For instance, the loading content of the salicylic acid on kaolinite was as low as 5.5 mass%[@b10].

At our knowledge, the methoxy-modified kaolinite was used for the first time as carrier for the loading and release of the intercalated AMT herbicide. Attention was focused on the mechanism of the methoxy-modification on the AMT loading and on its release from kaolinite.

Results
=======

XRD results
-----------

The raw kaolinite (Kaol) shows a typical diffraction pattern with a characteristic *d*~001~ value of 0.71 nm ([Fig. 1a](#f1){ref-type="fig"}). Grafting of methoxy groups in the interlayer space of kaolinite[@b12] shows a *d*~001~ value in methoxy-modified kaolinite (Kaol~MeOH~) of 0.85 nm ([Fig. 1b](#f1){ref-type="fig"}). The remaining reflection at 0.71 nm in Kaol~MeOH~ is due to a residual unintercalated kaolinite. In the case of AMT-loaded unmodified kaolinite (AMT-Kaol), the *d*~001~ value of kaolinite remains unchanged ([Fig. 1c](#f1){ref-type="fig"}), indicating that AMT cannot intercalate into the interlayer space of the unmodified kaolinite. In the case of the AMT-loaded modified kaolinite (AMT-Kaol~MeOH~) ([Fig. 1d](#f1){ref-type="fig"}), the *d*~001~ value increased to 1.15 nm. Compared to the *d*~001~ value of 0.85 nm observed for Kaol~MeOH~, this increase of 0.30 nm suggests the intercalation of AMT in the interlayer space. The intercalation of AMT is a fast process, a maximum intercalation was achieved in approximately 10 minutes (see details from the [Supporting Information](#s1){ref-type="supplementary-material"}, [Fig. S1](#s1){ref-type="supplementary-material"}). Although the intercalated AMT increased the interlayer distance of kaolinite, the methoxy modification and AMT loading did not appear to affect the porosity of kaolinite ([Table S1](#s1){ref-type="supplementary-material"}, [Fig. S2](#s1){ref-type="supplementary-material"}) because the increase of the interlayer distance of kaolinite was not sufficiently large to accommodate the adsorption of N~2~ molecules (0.364 nm) in the interlayer space. However, due to the intercalation of AMT in the interlayer space of the methoxy-modified kaolinite, the AMT loading content in AMT-Kaol~MeOH~, calculated from the percentage of N, reached up to 20.8 mass%, which is twice the loading content of AMT-Kaol (10.3 mass%).

In the XRD patterns of the AMT-loaded kaolinite ([Fig. 1c & d](#f1){ref-type="fig"}), the reflection that corresponds to a *d* value of 0.53 nm is assigned to the (020) crystallographic plane of AMT crystallite (JCPDS card No. 44-1816). This reflection is used to calculate the mean diameter (*D*) of AMT crystallites from the Scherrer equation. The calculated *D* values of the AMT crystallites in AMT-Kaol and AMT-Kaol~MeOH~ are 31.4 and 33.4 nm, respectively. Sliwinska-Bartkowiak *et al*.[@b13] have conducted a crystallization study of nitrobenzene in a confined space of porous glasses and MCM-41. Both the experiments and the molecular simulations suggested that the guest was amorphous in the presence of pores with diameters smaller than 15σ, where σ is the diameter of the guest molecule. Based on this characterization, the intercalated AMT was assumed to be amorphous because the interlayer space of the methoxy-modified kaolinite was not large enough for AMT crystallization. This inference also means that the reflection at 0.53 nm represents the AMT crystallites loaded on the external surface of kaolinite.

IR results
----------

The DRIFT spectrum of Kaol ([Fig. 2a](#f2){ref-type="fig"}) exhibits three stretching vibrations of the inner-surface hydroxyl (AlOH) groups at 3696, 3669, and 3653 cm^−1^, as well as the stretching vibration of the inner hydroxyl groups at 3621 cm^−1^. In the DRIFT spectrum of Kaol~MeOH~ ([Fig. 2b](#f2){ref-type="fig"}), the intensities of the three inner-surface hydroxyl groups were weakened. During the methoxy modification one methanol molecule condensed with one AlOH group to form Al-O-C bonding and one H~2~O molecule[@b12], leading to a consumption of inner-surface AlOH groups. Also, C-H stretching vibrations at 3022, 2936 cm^−1^, and 2848 cm^−1^ emerged confirming the grafting of methoxy groups on kaolinite. The 3550 cm^−1^ band is characteristic of hydrated kaolinite[@b14] indicating that hydrogen bonds between AlOH groups and interlayer water molecules were present.

In the DRIFT spectrum of AMT-Kaol ([Fig. 2c](#f2){ref-type="fig"}), typical vibrations of AMT, including 3433, 3332, 3215, 2932, 2848, 2777, and 2730 cm^−1^, are observed, suggesting the loading of AMT on kaolinite. However, the frequency of these vibrations was lower than those in pure AMT ([Fig. 2e](#f2){ref-type="fig"}). This redshift of the AMT vibrations is caused by the formation of hydrogen bonding between AMT and kaolinite. In the DRIFT spectrum of AMT-Kaol~MeOH~ ([Fig. 2d](#f2){ref-type="fig"}), the intensities of the three inner-surface hydroxyl groups were substantially decreased, indicating the AlOH groups were further consumed during the intercalation of AMT. The new vibration bands at 3475 and 3375 cm^−1^, occurring in the DRIFT spectrum of AMT-Kaol~MeOH~ are assigned to the stretching vibration of the protonated amino group[@b15][@b16], which formed *via* the proton transfer from the inner-surface AlOH groups of kaolinite to the amino groups of AMT. Therefore, the interaction between the intercalated AMT and the methoxy-modified kaolinite is an electrostatic attraction, which is stronger than the hydrogen bonding in AMT-Kaol. The vibration band at 3417 cm^−1^ is ascribed to the N-H stretching vibration ([Fig. 2d](#f2){ref-type="fig"}). By comparison with the N-H stretching vibration at 3437 cm^−1^ in pure AMT ([Fig. 2e](#f2){ref-type="fig"}), the redshift of 20 cm^−1^ of the N-H stretching vibration at 3417 cm^−1^ in AMT-Kaol~MeOH~ suggests that the intercalated AMT also formed hydrogen bonding with kaolinite. This redshift is more intense than that observed in AMT-Kaol (redshifted by 4 cm^−1^, from 3437 cm^−1^ to 3433 cm^−1^) ([Fig. 2c](#f2){ref-type="fig"}). This observed higher redshift should be additionally attributed to the stronger electrostatic attraction between the intercalated AMT and the methoxy-modified kaolinite.

TG and DSC results
------------------

In the TG curve of Kaol ([Fig. 3a](#f3){ref-type="fig"}), the major mass loss at approximately 400 to 600°C (endothermic peak at 507.8°C in the DSC curve) is attributed to dehydroxylation of the structural AlOH groups. Two mass losses are observed in the TG curve of Kaol~MeOH~ ([Fig. 3b](#f3){ref-type="fig"}). Because the methoxy groups are stable up to 350°C, the first slow mass loss at approximately 100 to 300°C is attributed to the dehydration of the physically adsorbed water and the interlayer water generated by the condensation between methanol molecules and AlOH groups of kaolinite[@b12][@b17]. The second substantial mass loss at approximately 300 to 600°C represents the decomposition of the grafted methoxy groups and the dehydroxylation of kaolinite.

In the TG curve of AMT-Kaol ([Fig. 3c](#f3){ref-type="fig"}), the mass loss from 180 to 330°C (endothermic peak at 260.5°C in the DSC curve) is attributed to the decomposition of AMT. The mass loss from 400 to 600°C (endothermic peak at 510.5°C) is associated with the dehydroxylation of kaolinite and the decomposition of the residual AMT ([Fig. S3](#s1){ref-type="supplementary-material"}). The small endothermic peak at 155.6°C in the DSC curve is attributed to the melting of AMT crystals.

In the TG curve of AMT-Kaol~MeOH~ ([Fig. 3d](#f3){ref-type="fig"}), two steps of mass loss are clearly resolved. The first mass loss (*Loss*~I~) from 180 to 340°C is attributed to the dehydration of the interlayer water and the decomposition of the non-intercalated AMT adsorbed on the external surface of kaolinite. The second mass loss (*Loss*~II~) from 340 to 500°C (endothermic peak at 371.4°C in the DSC curve) probably resulted from three simultaneous thermal phenomena: i) the loss of the grafted methoxy groups, ii) the dehydroxylation of kaolinite, and iii) the decomposition of the intercalated AMT. The decomposition temperature of the intercalated AMT (340 \~ 500°C) is higher than the decomposition temperature of the non-intercalated AMT (180 \~ 340°C), indicating that AMT is more thermally stable when it is intercalated.

In the case of AMT-Kaol~MeOH~, the respective mass losses of the non-intercalated AMT (from 180 to 340°C) and of the intercalated AMT (from 340 to 500°C) did not overlap. Also, the decomposition of the residual non-intercalated AMT between 500 and 750°C ([Fig. S3](#s1){ref-type="supplementary-material"}) did not overlap with the mass loss of the intercalated AMT. Therefore, the relative proportions of the intercalated and non-intercalated AMT in AMT-Kaol~MeOH~ can be estimated by determining the ratio between their corresponding mass losses in the TG curve. Following this method, the calculated amounts in AMT-Kaol~MeOH~ were respectively 9.9 mass% for the intercalated AMT and 10.9 mass% of the non-intercalated AMT. These results mean there was approximately 47.6% AMT located in the interlayer space and 52.4% AMT adsorbed on the external surface of the kaolinite.

Controlled release results
--------------------------

The release profiles of AMT are presented in [Fig. 4](#f4){ref-type="fig"}. Because of the high water solubility of AMT, pure AMT exhibited a rapid release with a burst effect, with a large amount of AMT (\>50%) released over a very short period of time (\< 30 min). Compared to the release of pure AMT, the release of AMT from AMT-Kaol was only slightly retarded. This slightly retarded release of AMT is ascribed to the hydrogen bonding between AMT and kaolinite. However, the release of AMT from AMT-Kaol~MeOH~ was intensively retarded, and the burst effect of AMT was significantly attenuated. These results suggest that the methoxy modification of kaolinite had a positive effect by slowing the release of AMT from the kaolinite.

The release kinetics of AMT from kaolinite samples was evaluated by fitting the release profiles to the modified Korsmeyer-Peppas model[@b18][@b19]:where *a* is a constant that incorporates the structural and geometric characteristics of the drug dosage form; *n* is the release exponent characteristic of the release mechanism; and *b* represents the burst effect in the release. And the first 60% of each release profile was used for the simulation. In this model, Fickian diffusion through a slab is indicated by a diffusional exponent (*n*) of 0.50, while an anomalous transport (non-Fickian) mechanism is indicated by an *n* value of 0.50 \~ 1.0. The parameters of this equation for each AMT release profile and the corresponding coefficients of determinations (*R^2^*) are listed in [Table 1](#t1){ref-type="table"}. The high values of *R^2^* (\> 0.989) suggest that the release profiles of AMT were well fitted using the modified Korsmeyer-Peppas model. The *a* value for AMT-Kaol~MeOH~ is 0.11, much smaller than the *a* value for AMT-Kaol (0.68), indicating a much slower release of AMT from AMT-Kaol~MeOH~ than that from AMT-Kaol. The *n* values for AMT-Kaol is 0.36, lower than 0.50, indicating that some other release mechanism occured[@b20]. However, the *n* value for AMT-Kaol~MeOH~ is 0.79, indicating a non-Fickian diffusion mechanism. All these results suggest that the methoxy modification of the kaolinite influence the release mechanism of AMT.

Discussion
==========

The intercalation of AMT in the methoxy-modified kaolinite leads to an interlayer distance of 0.30 nm which was slightly smaller than the height of AMT with molecular dimensions approximately 0.75 nm × 0.62 nm× 0.37 nm (length × width × height)[@b7]. As one third of the inner-surface hydroxyl groups of kaolinite were grafted by methoxy groups[@b12], the AMT molecules were probably intercalated in a horizontal monolayer arrangement in which the plane of the five-membered heterocyclic of AMT was parallel to the kaolinite layers, and part of the AMT molecule was keyed into the plane of the grafted methoxy groups.

The intercalated amorphous AMT exhibited higher thermal stability than the non-intercalated crystalline AMT because the intercalated AMT i) formed strong electrostatic attraction with kaolinite, and ii) could be protected from the thermal decomposition by the lamellar structure of the kaolinite. This finding is in agreement with the higher thermal stability of other intercalated organic guests that have been found to decompose at higher temperatures in the interlayer space of clay minerals, such as cationic surfactant in montmorillonite[@b21] and organosilane in silane-grafted kaolinite[@b22].

The methoxy-modification allowed the intercalation of AMT in the interlayer space of kaolinite, and significantly promoted the loading capacity till 20.8 mass%. This value is much higher than the AMT loading that has been achieved on montmorillonite (1.5 mass%)[@b23]. The reason for the low loading of AMT on montmorillonite is that AMT has a p*K*a value of 4.1 and is not positively charged in a wide range of pH. So, on montmorillonite it is difficult to load AMT through cation exchange but AMT was primarily adsorbed as neutral molecules and exhibited a low level of loading[@b23]. Although some other swelling clay minerals and organoclays are commonly used as carriers for the loading of pesticides, one drawback of these carriers is that they normally exhibit low loading capacities for pesticides. For example, organoclays have been found to exhibit loadings of only approximately 5.5 mass% for hexazinone[@b24], 7.7 mass% for 2,4-dichlorophenoxyacetic acid[@b25], and 12.5 mass% for bentazone[@b26].

Moreover of the high-capacity loading of AMT, AMT-Kaol~MeOH~ also exhibited a controlled-release of AMT, which was achieved *via* the two previously indicated routes: the diffusional restriction of the intercalated AMT by the lamellar structure of kaolinite and the strong electrostatic attraction of the intercalated AMT to kaolinite. Generally, tubular halloysite, chemically and structurally similar to kaolinite, is used as carrier for loading and release of various guests[@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34]. The guest, mainly encapsulated into the lumen of halloysite, presented a controlled-release behavior because its diffusion was retarded by the halloysite tubular structure. However, in this study, the release of AMT from halloysite (AMT-Hal) was much faster than the release of AMT from the methoxy-modified kaolinite ([Fig. 4](#f4){ref-type="fig"}). This result suggests that the diffusion-restriction of the lamellar structure of kaolinite is even more excellent than the tubular structure of halloysite, which endows the methoxy-modified kaolinite with a controlled-release property. Additionally, it can be anticipated that this controlled-release property could be readily further promoted using a combination of some other techniques, such as commonly used tabletting[@b35] and coating techniques[@b27][@b29].

Previous results and discussion show that the promotion of the loading and controlled-release of AMT by methoxy-modification on kaolinite succeeded to act with the following mechanism. The methoxy-modification introduced a plane of methoxy groups in the interlayer space of kaolinite weakening the original hydrogen bonding between the adjacent layers. This interlayer space became available for further AMT intercalation. Moreover, the lamellar kaolinite structure could significantly restrict the diffusion of the intercalated AMT, leading to its slow release from the modified kaolinite.

The methoxy-modified kaolinite is a potentially promising carrier for the long-term controlled release of certain specific guest molecules, enabling promising prospects in future applications. For example, because kaolinite is widely used in paint, the intercalation of some anticorrosives (benzotriazole or 8-hydroxyquinoline) or antimicrobials into the interlayer space of the kaolinite could possibly endow the paint with long-acting anticorrosion or antimicrobic functions *via* the slow release of these anticorrosives or antimicrobials agents. Other chemicals such as drugs, agrochemicals, and biochemicals of similar functional groups and molecular dimensions to AMT could also achieve high loading and controlled release in methoxy-modified kaolinite.

In summary, the methoxy modification of kaolinite could develop an additional interlayer space for loading of pesticides, drugs, and some other bioactive chemicals. The methoxy-modified kaolinite loaded with these chemicals also allowed their controlled release.

Methods
=======

Material
--------

Amitrole (AMT) was purchased from Meryer (99%). All other reagents were of analytical grade. A high-purity kaolinite sample, obtained from Guangdong Province, China, was used as received without further purification and labeled as Kaol.

Methoxy-modification of kaolinite
---------------------------------

Dimethyl sulfoxide (DMSO) was first intercalated into the interlayer space of Kaol as previously reported[@b22]. Then, 5.0 g of the DMSO-intercalated kaolinite sample was added to 100 mL of methanol (MeOH) and stirred for 7 days. The solids in the mixture were separated *via* centrifugation and then stored in a wet state for further use. The methoxy-modified kaolinite was labeled as Kaol~MeOH~.

Loading of AMT on kaolinite by soaking methods
----------------------------------------------

A sample of 2.0 g of AMT was dissolved in 20 mL of MeOH, and approximately 1.0 g of each used clay mineral, before and after methoxy modification, was added under constant stirring for 24 h at room temperature. The solid part of the dispersion was separated *via* centrifugation and dried overnight at 80°C. The AMT-loaded kaolinite samples were identified by adding the prefix "AMT-" to the starting materials; for example, AMT-Kaol~MeOH~ refers to the kaolinite that was modified with MeOH and then loaded with AMT.

AMT-release test
----------------

The AMT-release tests were conducted using an RCZ-8M dissolution tester (Tianjin TDTF Technology Co. Ltd., China) following a paddle method. Approximately 0.5 g of AMT-loaded clay mineral sample was sealed in a dialysis bag (molecular mass cutoff: 3500 Da), and then soaked in 500 mL of distilled water at room temperature with a rotation speed of 100 rpm. At suitable intervals, 5 mL of the dissolution medium was withdrawn, and an equivalent volume of fresh medium was added. The AMT content was determined at 239 nm using a PerkinElmer LAMBDA 850 UV/Vis spectrophotometer. Each dissolution test was performed in triplicate. After the achievement of 100% release of AMT, the clay mineral samples were collected for thermal analysis to calculate the amount of the intercalated AMT.

Characterization
----------------

The X-ray diffraction (XRD) patterns were obtained using a Bruker D8 Advance diffractometer with a Ni filter and Cu Kα radiation (λ = 0.154 nm) generated at 40 kV and 40 mA. Diffuse reflectance infrared Fourier-transform (DRIFT) spectra were obtained using a Bruker Vertex 70 Fourier-transform infrared spectrometer at room temperature. The CHN elemental analyses were performed using an Elementar Vario EL III Universal CHNOS Elemental Analyzer. Thermogravimetry (TG) and differential scanning calorimetry (DSC) were performed with a Netzsch STA 409PC instrument. Transmission electron microscopy (TEM) observations were recorded using a 200 kV JEOL JEM-2100 high-resolution transmission electron microscope. Nitrogen adsorption-desorption isotherms were measured using a Micromeritics ASAP 2020 instrument at liquid nitrogen temperature.
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###### Parameters of modified Korsmeyer-Peppasmodel

                    *ft* = a*t*^n^ *+ b*                 
  ---------------- ---------------------- ------ ------- --------
  AMT-Kaol                  0.68           0.36   −0.17   0.9892
  AMT-Kaol~MeOH~            0.11           0.79   0.079   0.9986
